Differences in structures and flexibilities of DNA duplexes play important roles on recognition by DNAbinding proteins. We herein describe a novel method for structural analyses of DNA duplexes by using orientation dependence of Förster resonance energy transfer (FRET). We first analyzed canonical B-form duplex and correct structural parameters were obtained. The experimental FRET efficiencies were in excellent agreement with values theoretically calculated by using determined parameters. We then investigated DNA duplexes with nick and gaps, which are key intermediates in DNA repair systems. Effects of gap size on structures and flexibilities were successfully revealed. Since our method is facile and sensitive, it could be widely used to analyze DNA structures containing damages and non-natural molecules.
INTRODUCTION
Structural anomalies in DNA double-helical structures play important roles in biological processes, allowing, for example, DNA repair enzymes to find damaged sites among a huge number of intact base pairs. Recent studies have indicated that DNA-binding proteins can recognize differences in structures and flexibilities of DNA duplexes (1, 2) . X-ray crystallography and nuclear magnetic resonance (NMR) are powerful tools for analysis of DNA structures, but these techniques require a large amount of sample and are time consuming. Further, the X-ray crystal structures revealed may not reflect the structures found in biological milieu. Förster resonance energy transfer (FRET) is a versatile tool for nucleic acid structural analyses since its efficiency sensitively depends on relative distance and orientation between a donor and an acceptor (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . In most FRET-based studies of DNA, only distance dependence has been analyzed since dye orientations are difficult to control, although several groups have succeeded in observing orientation dependence by using DNA scaffolds (14) (15) (16) (17) (18) . We previously reported a novel FRET system in which donor and acceptor are incorporated into DNA through D-threoninol linkers (19) . Using the D-threoninol scaffold, various dyes were incorporated into DNA in fixed orientations (20) . The observed FRET efficiencies showed orientation dependence that agreed with theoretical values calculated based on reported parameters for a B-form duplex although difference still remained due to bending caused by A-tract sequences. Here, we applied this FRET system for analyses of DNA double helical structures. In contrast to the previous study, we determined structural parameters of various DNA structures from experimentally determined FRET efficiencies. We first analyzed the canonical B-form double helix by using orientation-dependent FRET and then evaluated nicked and gapped DNA duplexes, which are key intermediates in DNA repair systems (21, 22) . Not only the structures but also the flexibility of DNA in solution were revealed using orientation-dependent FRET. To the best of our knowledge, differences between both structures and flexibilities of nicked/gapped duplexes are revealed for the first time.
Sequences of oligonucleotides used in this study are shown in Figure 1 . Pyrene and perylene were incorporated into DNA via D-threoninol as a donor and an acceptor, respectively. It was difficult to control dye orientation because dyes were usually introduced into terminal or extrahelical positions of DNA. In contrast, molecules can intercalate between base pairs when they are introduced into the middle positions of DNA through D-threoninol (23) . Therefore, their orientations can be strictly controlled through stacking interaction with neighboring base pairs. No abasic sites were incorporated at the counter positions of dyes because we have revealed that additional incorporation of dyes do not distort DNA structures. We varied the number of base pairs between the pyrene donor and the perylene acceptor and measured FRET efficiencies. The FRET plot of the efficiency versus the number of base pairs was then fit to structural parameters obtained based on a cylinder model of the B-form duplex. There are several advantages of our method; (i) detailed structural parameters in solution can be easily obtained by using not only distance dependence but also orientation dependence of FRET. (ii) Since orientation is strictly controlled in our FRET system, experimental FRET efficiencies showed excellent agreement with theoretically calculated values (vide infra). Therefore, even bending and flexibility of DNA duplex can be estimated by monitoring deviations from the cylinder model. (iii) Dye pairs with relatively long Förster radius can be used with our method so that large DNA structures can be analyzed.
MATERIALS AND METHODS

Oligonucleotides
All conventional phosphoramidite monomers, Controlled Pore Glass (CPG) columns, reagents for DNA synthesis and Poly-Pak II cartridges were purchased from Glen Research. Other reagents for the synthesis of phosphoramidite monomers were purchased from Tokyo Chemical Industry, Wako and Aldrich. Native oligodeoxyribonucleotides (ODNs) were purchased from Integrated DNA Technologies.
Dye-conjugated ODNs were synthesized on an automated DNA synthesizer (H-8-SE, Gene World) as we reported previously (24, 25 
Spectroscopic measurements
Fluorescence spectra were measured on JASCO models FP-6500 and FP-8500. The excitation wavelength was 345 nm. Band widths are 3 nm (FP-6500) or 2.5 nm (FP-8500) for excitation and emission. Before measurement, sample solutions containing DNA duplex were heated at 80
• C, then slowly cooled down to 20 or 0
• C at a rate of 2.5
• C min −1 . Sample solutions contained 100 mM NaCl, 10 mM phosphate buffer, pH 7.0 and 0.2 M donor strand (RnP1-4 or AtP1-5) and 0.4 M acceptor strand (cRnE1-4 or cAtE1-3). For analyses of nicked and gapped duplexes, 0.2 M donor strand (RnP1-4), 0.4 M acceptor strand (cRnE1s-4s) and 0.6 M Nt23-17 were used.
Measurement of melting temperatures
The melting curves were measured with a UV-1800 (Shimadzu) by monitoring 260 nm absorbance versus temperature. For nicked or gapped duplex, the melting curve was obtained with a JASCO model FP-6500 by measuring emission intensity at 500 nm with 345 nm excitation. The melting temperature (T m ) was determined from the maximum in the first derivative of the melting curve. Both the heating and the cooling curves were measured, and the calculated T m s agreed to within 1.0
• C. The temperature ramp was 0.5 • C min −1 for absorbance or 1.0 • C min −1 for emission. The sample solutions for melting analyses from absorbance contained 100 mM NaCl, 10 mM phosphate buffer, pH 7, 1.0 M each DNA. The sample solutions for melting analyses from emission contained 100 mM NaCl, 10 mM phosphate buffer, pH 7, 0.2 M donor strand (RnP1-4), 0.4 M acceptor strand (cRnE1s-4s) and 0.6 M Nt23-17.
Calculation of FRET efficiency
FRET efficiency ( T ) was experimentally determined from the decrease in donor emission:
where I DA is emission intensity of a duplex containing a donor and an acceptor at 405 nm, and I D is that of donoronly duplex at 405 nm. Emission intensities were measured at 20
• C. Each emission intensity was normalized at the intensity of 80
• C in order to eliminate the effects of concentration errors. Error bars of FRET efficiencies show standard deviations of three independent experiments.
Determination of structural parameters
FRET efficiency ( T ) was calculated from the following equations:
where R is the distance between donor and acceptor, and R 0 is a Förster radius (the distance where T = 0.5). J() is integral of spectral overlap between donor emission and acceptor absorption at nm. n is a refractive index, which is typically assumed to be 1.4 for biomolecules (26) , and Φ D is a donor quantum yield. The orientation factor, κ 2 , was calculated from the above equation, where θ T is the angle between transition dipoles of donor and acceptor, and θ D and θ A are the angles between these dipoles and the separation vector.
In our FRET system of duplex, donor and acceptor are in parallel planes since they are intercalated into the DNA duplex. Thus, the orientation factor is simply represented by the following equation:
By using these equations, FRET efficiency can be calculated from the distance (R) and the angle (θ T ) between dyes.
For analyses of double helical structures, we used three variables, rise per base pair (a inÅ), angle per base pair (b in
• ) and the angle between dyes and flanking base pairs (c in • ). Consequently, the distance and the angle can be expressed by using the number of base pairs (n) between donor and acceptor as follows:
These three variables were determined by fitting experimental FRET efficiencies with values calculated from these equations. Values were determined from the least-squares method using Solver tool in Microsoft Excel. Errors were estimated from standard errors calculated by using KaleidaGraph (Synergy software). For analyses of nicked duplex, we assumed an equilibrium between stacked and unstacked structures. In the stacked structure, the structure was assumed to be the same as that of the duplex without a nick. In unstacked duplex, a randomized orientation (κ 2 = 2/3) was assumed. Percentages of stacked and unstacked structures were estimated using the least-squares method using the Solver tool in Excel.
For analyses of duplexes with 3-nt gaps, we assumed that the orientation was not fixed and, thus, that the orientation factor (κ 2 ) was 2/3. The distance (R) was calculated from the following equation:
where d (inÅ) is rise per base pair in duplexed portion of 3-nt gapped structure. And, e (inÅ) is the length of 3-nt gap (i.e. the distance between duplex regions).
RESULTS AND DISCUSSION
We first analyzed the structure of a canonical duplex to validate the accuracy of our method. We synthesized four strands tethering pyrene (RnP1-4) and four complementary strands tethering perylene (cRnE1-4) shown in Figure 1 . The two base pairs flanking pyrene were identical in all duplexes, and this resulted in pyrene quantum yields that were within experimental error for all duplexes (Supplementary Figure S1) . The number of base pairs between the two dyes can be varied from 4 to 19 bp by combining these strands appropriately (Supplementary Table S1 ). We measured fluorescent emission spectra of duplexes ( Supplementary Figure S2 ) and calculated FRET efficiencies from decrease in donor emission. FRET efficiency between dyes in canonical duplexes as a function of distance in base pairs is not monotonous, but periodic, demonstrating orientation dependence of FRET ( Figure 2B ). Three variables were used to calculate FRET efficiencies: rise, rotation and the sum of angles between dyes and neighboring base pairs (Figure 2A ). Parameters were determined by using least-squares method. Theoretically calculated FRET efficiencies using these parameters are shown in a line in Figure 2B .
It should be noted that a large error from a theoretically calculated value was observed at 8 bp. Although we calculated FRET efficiencies by assuming that the relative angle between dyes has a Gaussian distribution, large differences at base pair separations other than 8 bp were still observed (Supplementary Figure S3) . Therefore, we concluded that the difference at 8 bp was not caused by the incomplete fixation of dye orientations. It was reported based on a theoretical analysis that the point dipole approximation fails when the distance between molecules is short. Consequently, the orientation factor cannot be zero even if molecules are perpendicular (27) . We believe that large difference between the experimentally determined FRET efficiency at 8 bp and the efficiency expected based on the cylindrical model is due to a non-zero orientation factor caused by failure of dipole approximation. From these reasons, we did not use FRET efficiency at 8 bp to determine structural parameters. For other base pair separations, experimental values agreed well with the curve generated based on the model of B-form DNA ( Figure 2B ), clearly demonstrating that orientation of dyes is strictly controlled in our system. The rise per base pair calculated based on FRET data was 3.6 ± 0.03Å and rotation per base pair was 32 ± 1
• , almost identical to those of a canonical B-form DNA duplex (3.4Å and 34
• , respectively). The difference of the rise could be explained by a refractive index. There is an inversely proportional relationship between the rise and the refractive index. If the refractive index is set to 1.5, rise per base pair decreases to 3.4 A. The difference of rise per base pair indicates that the refractive index of natural base pairs are higher than 1.4. In contrast, rotation angle is not dependent on physical parameters. X-ray crystallography has shown that rotation angle is highly dependent on sequence although averaged angle is usually [34] [35] [36] • (28) (29) (30) . Therefore, the difference from typical rotation angle could be due to its strong sequence dependence. To the best of our knowledge, an orientationdependent FRET system showing such an excellent agreement with theory over a long distance has not been reported previously.
We also analyzed a duplex containing an A-tract using a similar system (Supplementary Figure S4) . In the case of Atract duplex, larger differences between experimental FRET efficiencies and calculated values based on the B-form cylinder model were observed. In particular, the observed efficiencies at longer distance were higher than expected values. As reported previously, an A-tract induces a bend in DNA (31) (32) (33) so that the actual distance between donor and acceptor is shorter than expected from the cylinder model. Although more detailed investigation is required to clarify the detailed structure of A-tract, bending was clearly detected by using our FRET system.
We subsequently analyzed DNA duplexes with nicks and gaps using our FRET system. Nicked and gapped duplexes were prepared by hybridizing short acceptor-containing strands (cRnE1s-4s) and donor-containing strands (RnP1-4) with a longer DNA (Nt17-23) as shown in Figure  1 . FRET efficiencies of nicked duplexes showed a nonmonotonous dependence on the number of base pairs between donor and acceptor dyes (Figure 3 ). This indicated that the relative orientation between the donor and the acceptor was not averaged. The positions of minima and maxima in the FRET plot were the same as those of canonical duplex, showing that despite the nick, the duplex maintains a canonical B-form duplex geometry. The nicked duplex had lower maximum and higher minimum compared with canonical duplex, however. This weakened orientation dependence strongly indicated that the nick imparted flexibility. The higher flexibility of nicked duplex was also observed by using other methodologies such as gel electrophoresis and NMR (34) (35) (36) (37) . We analyzed the conformational flexibility of nicked duplex by simply assuming an equilibrium between stacked and unstacked duplex conformations (36, 38) . Our calculations indicated that when 26% of duplexes adopted an unstacked structure at the nick, calculated efficiencies showed better agreement with experimental values. This is a rough calculation because it is difficult to estimate the precise orientation factors of unstacked structure. However, we believe this assumption is useful to estimate relative flexibilities of various DNA structures. From these results, we concluded that a nicked duplex has higher conformational flexibility than the canonical duplex. X-ray crystallography demonstrated that nicked duplex adopts Bform duplex (39) . Our study also indicates that the nicked duplex adopts a B-form conformation in solution and was able to provide a measure of the enhanced flexibility of a nicked DNA duplex relative to that of an intact duplex.
We then investigated the structure of gapped duplexes. The FRET plot of a duplex with a single nucleotide gap is shown in Figure 4A . The minima in the FRET plots were different in nicked duplexes and the duplexes with 1-nt gaps; a minimum was observed at 8 bp with the nicked duplex and at 6 nt with 1-nt gapped duplex. This shift strongly indicated that insertion of a gap altered the orientation between the two dyes. As an orientation dependence of FRET efficiency was observed with 1-nt gapped duplexes, the two duplex regions separated by a 1-nt gap are stacked. The difference in dye orientation from the nicked duplex is probably due to rotation and/or bending at the gap. Actually, NMR analysis indicated that there are two conformations with 1-nt gapped duplex; one is close to B-DNA and the other is kinked (37) . Interestingly, the decline of FRET efficiency was observed at 6, 10 and 14 nt in the case of 1-nt gapped duplex. Because we used four kinds of gapped sequences as shown in Supplementary Table S4 , this result indicated that structure of 1-nt gapped DNA duplex depends on its sequence.
The FRET plot of structure with the 2-nt gap showed smaller orientation dependence. FRET efficiency monotonously decreased as the number of nucleotides between the dyes increased ( Figure 4B, green circles) . Thus, stacking interactions between two duplexes is very weak when there is a 2-nt gap. Almost no orientation dependence was observed when the gap was 3 nt ( Figure 4B , orange circles), suggesting little stacking and an averaged dye orientation. Similar results were reported by using gel electrophoresis where electrophoretic mobility decreased by insertion of two or more nucleotide gap (36, 40) . We estimated the length of 3-nt gap and of the complex of the three oligonucleotides by assuming a random orientation. FRET efficiencies of duplexes with 3-nt gaps were in excellent agreement with a model based on this assumption ( Figure 4B , orange circles and line). The length of 3-nt gap was estimated to be 23 ± 1Å, indicating that the gapped bases are stretched. Masuko et al. previously reported an equation to calculate the length of gap by using distancedependent FRET system (6) . According to their equation, the length of 3-nt gap was calculated as 19.1Å, which is shorter than our result. We also measured emission spectra and determined FRET efficiencies at 0
• C (Supplementary Figure S7) . A total of 3-nt gapped duplexes at 0
• C showed higher FRET efficiencies than those at 20
• C, and the length of 3-nt gap at 0
• C was estimated as 19 ± 2Å. These results indicated that breathing effect of acceptor strand or high Figure 5 . Melting temperatures of strand containing perylene in the context of nicked or gapped duplex. These melting temperatures were determined from melting curves obtained by monitoring 500 nm emission with 345 nm excitation such that only melting of the perylene-containing strand is observed. mobility of 3-nt gap might contribute to the stretching of DNA. In contrast, length of double-helical portion increases by 2.8 ± 0.2Å per base pair, which was much shorter than canonical duplex (3.6 ± 0.03Å). The rise represents the averaged increment of the distance between a donor and an acceptor and the decrease is probably due to the movement of 3-nt gap inserted between double helixes. From these results, we concluded that two duplexes move freely when a 3-nt gap is inserted between the regions.
In order to further investigate the stacking interaction between two double helixes, melting temperatures (T m s) of the duplexes were determined using FRET. Melting curves were obtained by monitoring emission intensity at 500 nm with excitation wavelength of 345 nm so that only hybridization of short perylene-containing strand was monitored (Supplementary Figure S8 ). This allowed the stacking interaction between the two helixes to be evaluated since the melting temperature of perylene-containing strand depends on whether or not the two duplexes stack. The T m s of nicked duplexes were much higher than those of gapped duplexes, supporting our hypothesis that a stable stacking interaction occurs in the nicked duplexes ( Figure 5 ). The T m s of the duplexes with 1 and 2-nt gaps were within experimental error although T m of cRnE3s slightly decreased. This result indicated that stacking interaction between two duplexes separated by 1-nt gap is weak whereas its strength partially depended on its sequence (41) . Furthermore, 3-nt gapped duplexes showed same T m s as 2-nt gaped duplexes, supporting that two duplexes are no longer stacked in those structures. Overall, the melting analyses support the conclusions drawn from FRET that the duplexes do not stack strongly when separated by a gap of 2 nt.
In conclusion, we developed a novel method for analyses of DNA structures by using the orientation-pendent FRET system. Structural parameters of canonical B-form duplex were precisely obtained by using this system. Large deviation from a cylinder model probably due to bending was observed with A-tract duplex. Moreover, differences in structures and flexibilities among nicked and gapped duplexes were revealed in detail. Although nicked duplex has high flexibility, it maintains a canonical B-form geometry. However, insertion of 1-nt gap altered the dye orientation although orientation dependence was still observed. 2-nt and 3-nt gapped duplexes showed almost no orientation dependence in FRET plot, indicating weak stacking between two duplexes separated by a gap. DNA repair enzymes, such as ligases and DNA polymerases, can recognize nicked or gapped duplexes, although the recognition of gaps depends on the gap size (42) (43) (44) (45) . Differences in structure and flexibility, which were revealed in this study, likely enable recognition by these enzymes. Importantly, our results demonstrated that the orientation of dyes is strictly controlled in our FRET system. Furthermore, other dye pairs can be incorporated into DNA via D-threoninol. We believe our FRET system will prove to be a facile and versatile tool for analysis of DNA structures in solution. This system could, for example, be used to analyze structures of DNA duplexes with various types of damage, such as radiation-induced lesions, epigenetically modified nucleobases and non-natural molecules (46, 47) . Moreover, structural changes in DNA duplexes induced by protein binding could be analyzed using this FRET system.
